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i ; ABSTRACT 

5_i ■ We have studied the nuclei of 28 radio galaxies from the 3CR sample in the UV band. Unre- 

solved nuclei (central compact cores, CCC) are observed in 10 of the 13 FR I, and in 5 of the 15 
FR II. All sources that do not have a CCC in the optical, do not have a CCC in the UV. Two 
FR I (3C 270 and 3C 296) have a CCC in the optical but do not show the UV counterpart. Both 
of them show large dusty disks observed almost edge-on, possibly implying that they play a role 
in obscuring the nuclear emission. We have measured optical-UV spectral indices a ,uv between 
- 0.6 and - 7.0 (F v av a ). BLRG have the flattest spectra and their values of a 0j uv are also 
confined to a very narrow range. This is consistent with radiation produced in a geometrically 
thin, optically thick accretion disk. On the other hand, FR I nuclei, which are most plausibly 
originated by synchrotron emission from the inner relativistic jet, show a wide range of a 0i uv- 
There is a clear trend with orientation in that sources observed almost edge-on or with clear signs 
of dust absorption have the steepest spectra. These observations imply that in FR I obscuration 
can be present, but the obscuring material is not in a "standard" geometrically thick torus. The 
most striking difference between these absorbing structures and the classic AGN "tori" resides 
in the lower optical depth of the FR I obscuring material. 

Subject headings: galaxies: active — galaxies: nuclei — ultraviolet: galaxies — radiation mechanism: 
general 
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1. Introduction 

In the framework of the unification models for 
radio-loud active galactic nuclei, radio galaxies 
are believed to be the misoriented counterparts of 
quasars and blazars (Barthel 1989; for a review, 
see Urry & Padovani 1995). Although observa- 
tionally this scheme is mainly supported by the 
comparison of the extended components of these 
classes of AGN, a direct study of their nuclear 
properties is a crucial tool both to confirm such a 
framework, and to infer fundamental information 
about the innermost structure of these sources. 

In quasars and blazars, the nuclear components 
dominate the observed radiation. Their origin is 
generally believed to reside in thermal emission 
from the accretion disk and non-thermal emission 
from the relativistic jet, respectively. In the case 
of blazars, the jet is observed almost along its axis 
and its emission is strongly enhanced by relativis- 
tic beaming (Antonucci & Ulvestad 1985). In ra- 
dio galaxies, all of these components should still be 
present, although the presence of obscuring struc- 
tures in the inner few pc, which is strictly required 
by the unification models at least in the case of 
the most powerful sources (FR II) , might hamper 
their direct observation. Moreover, the inner jet 
emission should be strongly de-amplified in radio 
galaxies, due to the much larger angle of the line- 
of sight to jet direction. 

The detection of faint nuclear optical compo- 
nents (central compact cores, CCC, or "nuclei") 
in 3CR radio galaxies, which are still unresolved 
even in HST images (Chiaberge et al. 1999, here- 
after Paper I) allow us to directly investigate the 
properties of the optical emission from the active 
nucleus in this class of sources. 

The picture which emerges from these stud- 
ies is that nearby radio galaxies' nuclei have 
two main flavors. A large fraction of FR II 
appear to be consistent with the currently ac- 
cepted scheme: they either show strong optical 
nuclei associated with narrow and broad emis- 
sion lines, or absorbed nuclei (either not detected 
or seen through scattered light) in objects with 
only narrow emission lines (Chiaberge et al. 2002; 
Chiaberge et al. 2000, hereafter Paper II). On 
the other hand, most FR I have unobscured 
synchrotron-dominated optical nuclei, low-efficiency 
radiating accretion disks (e.g. Advection Domi- 



nated Accretion Flows, ADAF, Rees at al. 1982, 
Narayan & Yi 1995) and lack substantial emission 
lines regions. Surprisingly, a significant fraction of 
FR II in which broad lines are not detected, show 
faint optical nuclei with optical-radio properties 
undistinguishablc from those of FR I. The nature 
of these sources is still unclear, although their con- 
sistency with the FR I nuclei suggests that at least 
some of them might be unobscured synchrotron 
nuclei as well. These results have found support in 
the recent observations by Whysong & Antonucci 
(2001) of a strong 10/x nuclear thermal component 
in Cygnus A (3C 405, an FR II), which is not ob- 
served in M 87 (3C 274, an optically unobscured 
FR I; see also Perlman et al. 2001). 

In light of these results, a classification of radio 
galaxies based on their nuclear properties seems 
to be more closely related to the physical pro- 
cess occurring in the central regions of the sources 
rather than in the old FR I/FR II morpholog- 
ical dichotomy. This appears to be (at least 
qualitatively) consistent with the dual population 
scheme proposed recently (Jackson & Wall 1999), 
which unifies the different sources mainly on the 
basis of their spectral properties. 

However, due to the lack of complete spectral 
information on the nuclei, several questions are 
still waiting for a definitive answer: are FR I and 
FR II nuclei intrinsically different? What is the 
role of obscuration in FR I? What is the role of 
the different "flavors" of radio galaxies in the AGN 
paradigm? 

In this paper, we test the nature of radio galaxy 
nuclei, using HST/STIS UV observations. High 
resolution UV data are crucial in order to test 
the new picture of the radio galaxy dichotomy. In 
view of the relatively low intensity of the underly- 
ing stellar emission from the host galaxy the de- 
tection of CCC in UV images is straightforward. 
Due to the reasonably large difference in frequency 
between UV and optical data, we can derive the 
spectral shape in this critical region, where differ- 
ent spectral properties are expected for different 
origins of the observed nuclear components. Fur- 
thermore, UV emission is very sensitive to obscu- 
ration by dust, therefore the presence of an even 
moderate amount of absorption along the line of 
sight to the nuclei will clearly affect their observed 
spectral properties. 

The paper is organized as follows: in Section 2 
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we describe the sample and the HST observations; 
in Section 3 we outline our method for the detec- 
tion and photometry of the nuclei in the UV im- 
ages, and compare it to what has been done in the 
optical. In Section 4 we show our results and we 
combine them with the available radio and optical 
nuclear data, while in Section 5 we discuss the im- 
plications of our results for the nuclear structure 
and the origin of the emission. In Section 6 we 
present a summary of our findings and we draw 
conclusions. 

2. The sample and the HST observations 

We analyze a sample of nearby (z < 0.1) FR I 
and FR II radio galaxies belonging to the 3CR cat- 
alog, for which both optical and UV HST observa- 
tions are available. The sample comprises 28 radio 
galaxies, 13 of them morphologically classified as 
FR I and 15 as FR II. Of the 15 FR II, 7 are HEG 
(high excitation galaxies), 5 are LEG (low exci- 
tation galaxies; Hine & Longair 1979, Jackson & 
Rawlings 1997) and 3 are broad-line radio galaxies 
(BLRG). The list of the sources is shown in Table 
1. 

All objects, except for 3C 78, 3C 264 and M 87 4 , 
have been observed with the HST as part of the 
STIS UV snapshot survey of 3CR radio sources 
(Allen ct al. 2002). We have excluded from the 
sample 3C 231 (M 82) which is a starburst galaxy. 
STIS observations have been made with the NUV- 
MAMA detector and filters with peak sensitivity 
at ~ 2300 A. In particular, most of the images 
were obtained with the F25SRF2 long pass fil- 
ter, which excludes strong contamination from the 
Lya emission line within the redshift range of our 
sources. The brightest objects have been observed 
with the narrower band F25CN182 filter, in order 
to avoid saturation. M 87, and 3C 78 have also 
been observed by STIS NUV-MAMA, using the 
F25QTZ filter (whose characteristics are similar 
to F25SRF2) while 3C 264 has been observed us- 
ing the F25CN182 filter. 

The log of optical and UV observations is pre- 
sented in Table 2 where it can be seen that for 
4 sources (M 87, 3C 78, 3C 264 and 3C 317) 
the observations occurred simultaneously (or near- 

4 3C 78 and 3C 264 have been observed with STIS as part 
of program 8233, while M 87 have been observed as part of 
program 8140, P.I. J. Biretta 



simultaneously). Given that all sources in the 
sample are likely to be intrinsically variable, the 
time lapse between observations of the other 24 
sources might be significant and we discuss this 
point further in section 5.3. 

The sample is not statistically complete, be- 
cause a few sources were not observed during the 
SNAPSHOT campaign. However, all the different 
spectral and morphological types present in 3CR 
radio galaxies with z < 0.1 are well represented. 

3. Detection and photometry of UV CCC 

As shown in detail by Allen et al. (2002) the 
morphology of radio galaxies as observed in the 
UV band can be significantly different from what 
is seen in the optical images. This certainly holds 
in the nuclear region, where dust features dramat- 
ically absorb the underlying emission in the UV 
and clumps of (likely) star formation are present. 
Also, in that band the stellar emission from the 
host galaxy is substantially reduced with respect 
to optical (R-band) frequencies, typically by a fac- 
tor of ~ 15, in an F\ representation. 

Most of the UV images have very low level of 
stellar emission. Therefore, while the search for 
optical CCC has been based on the analysis of the 
surface brightness profiles of the central regions 
of the galaxies (Papers I & II), here we search 
directly for the UV counterparts of the optical 
CCC. In addition, we also search for unresolved 
UV CCC in galaxies which do not have optical 
CCC, but find none. All of the UV CCC sources 
have FWHM - 0.05" -0.07", indicating that they 
are unresolved by HST. 

Of the 13 FR I galaxies in our sample, 10 (or 
77% of the sample) have a UV nucleus. In the op- 
tical, 12 (92%) have a CCC. Whenever a galaxy 
has a nucleus in the UV, it also has a nucleus in 
the optical. Of all the FR Is in the sample, only 
3C 305 does not have a CCC cither in the opti- 
cal or in the UV. Interestingly, the two sources 
which lack the UV CCC but do have it in the 
optical (namely 3C 270 and 3C 296) have promi- 
nent nuclear dusty disks observed almost edge 
on (Capctti & Celotti 1999; Martel et al. 2000). 
These disks are clearly visible in both the optical 
and the UV images. 

Of the 15 FR II galaxies of our sample, only 
5 sources have a nucleus in the UV. All of them 
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Table 1 
The sample 





lVTornVi Cllfms 

1V1U1 Ull, V_' 1 CIO iJ . 


KJ VJ vAjUl CI 1 V_> 1 CtO O . 


rods ri iff 


± r 


Ont CCC 


UV CCC 

\J V V.-' V. 










m Tv 
1110 j 






3C 29 


FR I 


— 


0.0448 


93.0 


YES 


YES 


3C 35 


FR II 


LEG 


0.0670 


22.68 


NO 


NO 


3C 40 


FR II 


LEG 


0.0180 


626.9 


NO 


NO 


3C 78 


FR I 




0.029 


964 


YES 


YES 


3C 66B 


FR I 


— 


0.0215 


182.0 


YES 


YES 


3C 192 


FR II 


HEG 


0.0600 


8.1 


NO 


NO 


3C 198 


FR II 


HEG 


0.0820 


— 


YES 


YES 


3C 227 


FR II 


BLRG 


0.0860 


23.23 


YES 


YES 


3C 236 


FR II 


LEG 


0.0990 


190 


NO 


NO 


3C 264 


FR I 


_ 


0.0206 


200.0 


YES 


YES 


3C 270 


FR I 


- 


0.0074 


308.0 


YES 


NO 


3C 274 (M 87) 


FR I 




0.0037 


4000.0 


YES 


YES 


3C 285 


FR II 


HEG 


0.0790 


7.7 


YES 


NO 


3C 293 


FR II 


LEG 


0.0452 


100.0 


NO 


NO 


3C 296 


FR I 




0.0237 


77.0 


YES 


NO 


3C 305 


FR I 




0.0410 


29.5 


NO 


NO 


3C 310 


FR I 




0.0540 


80.0 


YES 


YES 


3C 317 


FR I 




0.0342 


391.0 


YES 


YES 


3C 321 


FR II 


HEG 


0.0960 


37.5 


NO 


NO 


3C 326 


FR II 


LEG 


0.0890 


15.7 


NO 


NO 


3C 338 


FR I 




0.0303 


105.0 


YES 


YES 


3C 353 


FR II 


LEG 


0.0300 


203.5 


NO 


NO 


3C 382 


FR II 


BLRG 


0.0580 


217.4 


YES 


YES 


3C 388 


FR II 


LEG 


0.0910 


75.67 


YES 


YES 


3C 390.3 


FR II 


BLRG 


0.0560 


414 


YES 


YES 


3C 449 


FR I 




0.0181 


37.0 


YES 


YES 


3C 452 


FR II 


HEG 


0.0810 


150 


NO 


NO 


3C 465 


FR I 




0.0301 


270.0 


YES 


YES 



Classifications and data from the literature for the sample of 3CR radiogalaxies. (1) 3C name of the 
source; (2) radio morphological classification; (3) optical spectral classification, as taken from Jackson & 

Rawlings (1997); (4) Rcdshift (from NED); (5) radio core flux at 5 GHz collected from the literature 
(Giovannini et al. 1988, Zirbel & Baum 1995); (6) and (7) presence/absence of a CCC in the HST images 
(from Paper I, Paper II, Allen ct al. 2001 and this work). 
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Table 2 

Log of HST optical and UV observations 



Name 


Instrument 


Filter 


Obs. date 


Instrument 


Filter 


Obs. Date 


3C 


29 


WTPPP9 


r 1 VZ VV 


T„„ 19 1 QQK 

jan iz ryyo 


STIS 


NUV- 


^MAMA 


F9^QT?T?9 
r ZOortr Z 


Tim na 9nnn 
jun uo zuuu 


3C 


35 


VV r r\_/Z 


r i VZ VV 


T\/T QT , 19 1 QQ/I 

iviar iz iyy4 


STIS 


NUV- 


-MAMA 


P9WRP9 
r ZOortr Z 


Oof 1 n 1 QQQ 

^cl iu lyyy 


3C 


40 


VV r r\jZ 


F7D9W 
r ( \JZ VV 


Tul 1 8 1 QQ/I 

jui lo iyy4 


STIS 


NUV- 


-MAMA 


r ZOortr z 


Tim nfi 9nnn 
jun ud zuuu 


3C 


66B 


WPPP9 
vv r i v_ z 


F81 zlW 
r o!4 VV 


Tan 11 1 QQQ 

jan oi ryyy 


STIS 


NUV- 


-MAMA 


r zoortr z 


Tul 1 9nnn 

J Ul 10 ZUUU 


3C 


78 


O -L lo V. v_ 1 J 


r Zo^YOU-L/r 


Mar 1 ^ 9nnn 
iviai io zuuu 


STIS 


NUV- 


-MAMA 


P9^DT7 


iviai ro zuuu 


3C 


192 


VV r r\jZ 


r 000 VV 


Tan 1 1 1 QQ7 

jan io lyy * 


STIS 


NUV- 


-MAMA 


T?9^QT?T?9 
r ZOortr Z 


A/iav 9i 9nnn 
iviar zo zuuu 


3C 


198 


VV r rKjZ 


r i VZ VV 


A/Tav 90 1 QQ/1 

iviar zu iyy4 


STIS 


NUV- 


-MAMA 


T79^QT}T?9 
r ZOortr Z 


Any 91 9nnn 
>vpr zo zuuu 


3C 


227 


WFPC2 


F702W 


May 19 1995 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jan 25 2000 


3C 


236 


WFPC2 


F702W 


Oct 19 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Oct 05 1999 


3C 


264 


STIS CCD 


F28X50LP 


Feb 13 2000 


STIS 


NUV- 


-MAMA 


F25CN182 


Feb 12 2000 


3C 


270 


WFPC2 


F791W 


Dec 13 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Mar 05 2000 


3C 


274 


WFPC2 


F814W 


May 11 1999 


STIS 


NUV- 


-MAMA 


F25QTZ 


May 17 1999 


3C 


285 


WFPC2 


F702W 


Feb 05 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Apr 16 2000 


3C 


293 


WFPC2 


F702W 


Jan 15 1995 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jun 14 2000 


3C 


296 


WFPC2 


F702W 


Dec 14 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Apr 15 2000 


3C 


305 


WFPC2 


F702W 


Sep 04 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Apr 27 2000 


3C 


310 


WFPC2 


F702W 


Sep 12 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jun 10 2000 


3C 


317 


FOC 


F555W 


Mar 05 1994 




FOC 


F210M 


Mar 05 1994 


3C 


321 


WFPC2 


F702W 


Apr 29 1995 


STIS 


NUV 


-MAMA 


F25SRF2 


Jun 05 2000 


3C 


326 


WFPC2 


F702W 


Apr 29 1995 


STIS 


NUV- 


-MAMA 


F25SRF2 


Mar 12 2000 


3C 


338 


WFPC2 


F702W 


Sep 09 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jun 04 2000 


3C 


353 


WFPC2 


F702W 


Mar 18 1995 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jun 22 2000 


3C 


382 


WFPC2 


F702W 


Jun 25 1994 


STIS 


NUV- 


-MAMA 


F25CN182 


Feb 23 2000 


3C 


388 


WFPC2 


F702W 


Sep 18 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jun 02 2000 


3C 


390. 


WFPC2 


F702W 


Sep 20 1994 


STIS 


NUV- 


-MAMA 


F25CN182 


Aug 10 1999 


3C 


449 


WFPC2 


F702W 


Aug 06 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Apr 16 2000 


3C 


452 


WFPC2 


F702W 


May 05 1994 


STIS 


NUV- 


-MAMA 


F25SRF2 


Jan 30 2000 


3C 


465 


WFPC2 


F814W 


Jul 03 2000 


STIS 


NUV- 


-MAMA 


F25SRF2 


May 25 2000 
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also have a CCC in the optical. In particular, a 
CCC is present in all of the 3 BLRG, and only in 
1/5 and 1/7 of the HEG and LEG, respectively. 
The BLRG have the brightest nuclei of the sam- 
ple. HST data are available for 3C 285 both in 
the R and V bands. A faint CCC is present in 
the R band image, but this component is not de- 
tected in the V band. In this case, obscuration 
might be provided by a prominent large scale dust 
lane, similar to that observed in Centaurus A. In 
this latter object, the IR-bright nucleus vanishes in 
HST images for wavelengths shorter than ~ 5000 
A (Marconi et al. 2000). 

We have performed aperture photometry of all 
the nuclei using the IRAF RADPROF task, set- 
ting the background level at a distance of ~ 0.17 
arcsec (7 pixels in the STIS/MAMA images) from 
the center. Counts were converted to fluxes adopt- 
ing the HST internal calibration 5 , which is accu- 
rate to 5%. However, except for those sources in 
which the CCC is clearly the only observed com- 
ponent in the UV, the dominant source of error 
is the presence of some extended emission from 
the host galaxy and/or absorption features which 
might strongly affect the background determina- 
tion. This results in a typical error of ~ 10%, 
therefore comparable to that in the optical. 

For 3C 270 we derive a rough upper limit to 
the nuclear flux, as the presence of a dusty disk 
and emission features in both the optical and UV 
images allows us to identify the position of the 
nucleus, although it is not visible in the UV. For 
the remaining objects no reliable upper limits can 
be derived. Also note that the LEG 3C 35 has a 
UV central component which is not a point source. 

4. Results 

The results of the photometry of the CCC are 
summarized in Table 3. For completeness, we also 

5 Thc PHOTFLAM parameter in the image header (inverse 
sensitivity) is defined assuming a flat spectral distribution 
in Fx (in units of erg cm~ 2 s _1 A -1 ). As we will show in 
the following, most of the nuclei have significatively sloped 
spectral indices. We have therefore recalculated the ef- 
fective observing wavelength and the value of the inverse 
sensitivity with an iterative process for all of the sources, 
using the SYNPHOT package. Only in the case of 3C 449, 
the source with the steepest observed spectrum, this signi- 
ficatively affects the effective observing wavelength and the 
estimate of the flux. 



include the optical fluxes, as taken from Paper I 
and II. Since in the UV band dust absorption plays 
an important role in drastically reducing the ob- 
served flux, we have de-reddened the fluxes taking 
into account the galactic absorption and adopting 
the Cardelli ct al. (1988) extinction law (Table 4). 
In the following sections and figures we will use 
the de-reddened fluxes, although galactic extinc- 
tion does not significantly affect the results in any 
of the sources 6 . 

To study the relationship between the optical 
and UV CCC for the 15 sources of Table 4, we plot 
their UV flux and luminosity versus their optical 
values. The same behavior is observed in both the 
flux and luminosity regimes: we see that the UV 
CCC span a range of ~ 5 dcx in flux and ~ 6 dex in 
luminosity, whereas the optical CCC span smaller 
ranges (about 1 dex in both flux and luminosity). 

Given the large difference in frequency be- 
tween the optical (R-band) and UV observations, 
we could derive the broadband spectral indices 
[optical-UV] with considerable greater accuracy 
than previously possible (Paper I). The values of 
a o,UYi where a is defined as F v cx v~ a , are re- 
ported in Table 4. Typical errors for a are of the 
order of ±0.1. For reference, in Fig 1 and 2 we 
have overplotted dashed lines corresponding to dif- 
ferent optical-UV spectral indices a 0: uv=l,2,4,6 
(top to bottom). We find that the UV and optical 
luminosities of the brightest sources sources are 
almost identical. However, the lower optical lumi- 
nosity sources have much weaker UV emission (by 
a factor of ~ 100). 

In Fig. 3 we plot the optical-UV spectral index 
vs. the ratio between the optical CCC and the 
radio core flux. The quasi-linearity of the FR I 
radio-optical correlation implies a quasi-constant 
ratio of the optical to radio flux (corresponding 
to log(F /F r ) <~ —3.6), therefore objects on the 
left side of this plot are on the FR I correlation, 
while for higher values of log(F /F r ) an optical 
excess is present. The shaded area corresponds to 
the rms of the correlation (see figure caption for 
details). Unfortunately, no radio core measure- 
ments are available in the literature for 3C 198, 

'The maximum value of the color excess due to galactic 
absorption is E(B - V) = 0.167 in the case of 3C 449. This 
value of E(B — V) affects the UV and optical fluxes by 
factors of only 3 and 1.4, respectively. 
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Table 3 

Observed fluxes of optical and UV CCC 



Source name 


F pt 


A D pi 


Fuv 






erg cm -2 s -1 A -1 


A 


erg cm~ 2 s -1 A -1 


A 


FR I 


3C 29 


5.8 x 10~ 18 


7000 


2.1 x 10" ly 


2528 


3C 66B 


2.7 x 10~ 17 


8086 


4.5 x 10~ 17 


2528 


3C 78 


3.8 x 10~ 16 


7216 


2.8 x 10~ 16 


2475 


3C 264 


1.6 x 10~ 16 


7216 


3.0 x 10~ 16 


2078 


3C 270 a 


5.1 x 10~ 18 


7930 


< 1.0 x 10~ 18 


2528 


3C 274 


3.4 x 10~ 16 


8086 


3.8 x 10" 16 


2475 


3C 310 


3.5 x 10~ 18 


7000 


1.6 x 10~ 18 


2528 


3C 317 


2.0 x 10~ 17 


5508 


4.7 x 10~ 18 


2213 


3C 338 


1.0 x 10~ 17 


7000 


3.9 x 10" 18 


2528 


3C 449 


1.8 x 10~ 17 


7000 


1.9 x 10~ 19 


3256 


3C 465 


1.0 x 10~ 17 


8086 


2.1 x 10~ 18 


2528 


FR II 


3C 198 


4.9 x 10~ 17 


7000 


1.1 x 10~ 16 


2528 


3C 227 


2.9 x 10" 16 


7000 


5.9 x 10~ 16 


2528 


3C 382 


4.9 x 10~ 15 


7000 


1.6 x 10~ 14 


2078 


3C 388 


6.7 x 10~ 18 


7000 


2.0 x 10~ 18 


2528 


3C 390.3 


1.1 x 10~ 15 


7000 


2.0 x 10~ 15 


2078 



a For 3C 270 an upper limit to the UV CCC has been derived (see section 3). 
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Table 4 

Dereddened UV and optical data of the CCC 



Source name 


Spectr. Class. 


log F opt 


\ogF uv 


log L opt 


\ogL uv 


"o,UV 


a a 


E(B-V) 


FR I 


3C 29 




-27.99 


-30.25 


26.57 


24.31 


5.1 


0.2 


0.036 


3C 66B 




-27.18 


-27.80 


26.76 


26.13 


1.2 


0.1 


0.080 


3C 78 




-26.03 


-26.74 


28.15 


27.44 


1.5 


0.1 


0.173 


3C 264 




-26.54 


-27.28 


27.36 


26.61 


1.4 


0.1 


0.023 


3C 270 




-27.96 


-29.62 


25.05 


23.39 


> 3.4 




0.018 


3C 274 




-26.12 


-27.05 


26.30 


25.37 


1.8 


0.1 


0.022 


3C 310 




-28.21 


-29.35 


26.50 


25.36 


2.6 


0.1 


0.042 


3C 317 




-27.65 


-28.97 


26.68 


25.35 


3.3 


0.2 


0.037 


3C 338 




-27.78 


-29.05 


26.44 


25.17 


2.9 


0.1 


0.012 


3C 449 




-27.38 


-29.83 


26.40 


23.95 


7.3 


0.2 


0.167 


3C 465 




-27.61 


-29.16 


26.60 


25.06 


3.1 


0.1 


0.069 


FR II 


3C 198 


HEG 


-27.08 


-27.56 


27.98 


27.50 


1.1 


0.1 


0.026 


3C 227 


BLRG 


-26.30 


-26.83 


28.79 


28.26 


1.2 


0.1 


0.026 


3C 382 


BLRG 


-25.03 


-25.37 


29.74 


29.40 


0.6 


0.1 


0.070 


3C 388 


LEG 


-27.89 


-29.15 


27.25 


25.99 


2.8 


0.2 


0.080 


3C 390.3 


BLRG 


-25.68 


-26.27 


29.06 


28.47 


1.1 


0.1 


0.071 



Fluxes (in units of erg cm 2 s 1 Hz - 1 ) and luminosities (erg s 1 Hz x ) dereddened taking into account 

galactic absorption (column (8), from NED). 
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Fig. 1. — UV flux vs. optical flux of the central 
compact cores. Filled circles are FR I, while FR II 
are represented as empty circles. The dashed lines 
represent values of o; 0) uv=l, 2,4,6 (top to bottom). 



therefore its position is this plane is undetermined. 
Sources clearly separate in this plane. Broad-lined 
FR II have similar (and rather flat) a ,uv- The 
synchrotron-dominated FR I have lower values of 
F Q /F r by a factor of (~ 10 - 100), they lie in the 
region of the correlation between the radio and 
optical cores, but span a large range in a ,uv- In- 
terestingly, the only LEG FR II with a detected 
CCC (3C 388) lies in the region typical of FR I. 
For comparison, we have also plotted radio-loud 
QSO 7 with z < 0.3 from the sample of Elvis et 
al. (1994). Since these sources are at a higher 
redshift than our 3C galaxies, we have used the 
I-band magnitudes and the UV fluxes measured 
at 3000 A (as taken from Elvis et al. 1994) to 
mimic the rest-frame a ,uv- BLRG in our sam- 
ple and the QSO occupy the same region of the 
plane, except for 3C 273. In the following we will 
discuss the implications of the different position 
of the sources in this plane, strongly supporting 
a different origin of the nuclear emission in the 
various classes of radio galaxies. 

5. Discussion 
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Fig. 2. — UV vs. optical luminosity of the central 
compact cores. Filled circles are FR I, while FR II 
are represented as empty circles. The dashed lines 
represent values of a ,uv=l,2,4,6 (top to bottom). 



UV data are a fundamental tool to study the ef- 
fects of obscuration in the central regions of these 
galaxies, as this spectral band is very sensitive to 
the presence of dusty structures. Also, different 
emission processes for the nuclei imply different 
values of the optical-UV spectral slopes. By com- 
bining the UV data with the already available ra- 
dio and optical data, we can address some impor- 
tant questions such as: 

• are FR I and FR II intrinsically different? 

• what do the UV observations tell us about 
their physical nature? 

• what is the role of these sources in the AGN 
paradigm? 

• what is the role of obscuration in FR I? 
Qualitatively, FR II nuclei are brighter and 

have flatter spectral slopes than FR I. Such a be- 
havior can be accounted for by two basic scenar- 
ios: (i) an intrinsic spectral difference, reflecting 
different physical properties, and (ii) an external 



7 The radio-loud QSO with z < 0.3 from the Elvis et al. 
(1994) sample are: 3C 206 (z = 0.197), 3C 323.1 (z = 
0.264), MC2 1635+119 (z = 0.146), PHL 1657(z = 0.2) 
PG 0007+106 (z = 0.089), B2 1028+313 (z = 0.178), 
3c 273 (z = 0.158) and 4C 34.47 (z = 0.206). 
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reason, namely a different amount of absorption in 
the various sources. Obviously, it is also possible 
that a combination of these two factors contributes 
to define the observed properties. Whatever the 
nature of the CCC, an increasing column density 
naturally both steepens the spectral slope and low- 
ers the amount of observed photons. However, 
the physical processes responsible for the emission 
cannot be constrained on the basis of only the op- 
tical and UV fluxes and luminosities. 

In the following sections we will further discuss 
the nature of the CCC by taking advantage of the 
already known behavior of the different sources in 
the radio-optical plane. 




-4 -3 -2 -1 
Log(F o /F r ) 



Fig. 3. — a ,uv versus the logarithm of the ratio 
between optical CCC flux to radio core flux. Filled 
circles are FR I, while FR II are represented as 
empty circles. Stars represent radio-loud quasars 
from the Elvis et al. 1994 sample. The shaded re- 
gion corresponds to the la dispersion of the radio- 
optical correlation found for FR I nuclei. 



5.1. Disk dominated vs. synchrotron dom- 
inated sources? 

It is widely believed that in radio-loud AGN 
two main emitting components play a role in defin- 
ing the optical-UV spectral properties of the nu- 
clear continuum: the thermal emission from the 
accretion disk and the non-thermal synchrotron 



radiation from the relativistic jet. In addition, we 
must consider the role of absorption, which might 
significatively alter the observed spectra. Theoret- 
ical models for thermal disk emission (in the case 
of a standard Shakura-Sunyaev, optically thick 
and geometrically thin disk) predict that such a 
component should peak in the UV band, at wave- 
lengths shorter than 1000 A, therefore hard UV 
spectral slopes (auv ~ 0.3) are expected. Flat 
spectral components with a ,uv < 1 are indeed 
commonly observed in both radio-quiet and radio 
loud QSO (see e.g. Elvis et al. 1994). 

On the other hand, the spectral slope of syn- 
chrotron dominated sources is poorly constrained, 
as it depends on physical parameters (mainly on 
the electron distribution, the magnetic field and 
the beaming factor) which cannot be easily deter- 
mined "a priori" . However, we can try to esti- 
mate it by analogy with other synchrotron emit- 
ting sources for which the SED is well known. In 
the framework of the AGN unification schemes, 
radio galaxies are believed to constitute the so- 
called parent population of blazars, therefore the 
comparison with the observed properties of these 
sources might be helpful. Blazars are objects 
in which the jet is believed to be observed al- 
most "on- axis" . Their observed SED (in a log v — 
\og(vF v ) representation) is composed of two broad 
peaks: the lower energy peak is commonly inter- 
preted as due to synchrotron emission, while the 
high energy peak is ascribed to inverse Comp- 
ton emission. The frequency of the peaks can 
vary substantially from one source to another: the 
lower energy peak can be located between the IR 
and the X-ray band, while the higher energy peak 
is generally in the gamma-ray band. Fossati et al. 
(1998) have shown that the position of the syn- 
chrotron peak, which is well constrained by the 
observations, is related to the bolometric luminos- 
ity of the source. The lower the power of the ob- 
ject, the higher the synchrotron peak frequency 

^pcak • 

Clearly, the relative position of the peak and 
the observing frequencies strongly affects the ob- 
served UV-optical spectral index. For objects in 
which fpoak is significatively lower than the observ- 
ing range, steep (a ~ 1 — 3) spectral indices are 
measured, while flatter spectra (a ~ 0.5 — 1) are 
observed if ^ pca k is placed at higher frequencies. 

Relativistic effects must also be taken into con- 
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sideration in order to estimate the putative posi- 
tion of the synchrotron peak for our nuclei. Since 
the emission from the jet is strongly affected by 
beaming, the peak frequency shifts towards lower 
values and (most importantly) towards lower lu- 
minosities as the angle between the jet axis and 
the line of sight increases. However, as a result 
of beaming, it is possible that in highly misori- 
ented objects such as most radio galaxies, the 
radiation emitted by a slower component of the 
jet (e.g. a layer) might dominate the observed 
nuclear emission, while the (faster) component 
which dominates blazar emission might not be ob- 
served (Chiaberge et al. 2000b). Unfortunately, 
the spectral properties of this component are still 
very poorly known. 

The position of the objects in the plane formed 
by the optical-UV spectral index vs the logarithm 
of the ratio between optical CCC flux to radio core 
flux, which is shown in Fig. 3 and has been de- 
scribed in Sect. 4, can be interpreted as related 
to the different nature of their nuclear emission. 
Objects in our sample which show an optical ex- 
cess with respect to the radio-optical correlation 
are BLRG FR II and have flatter spectral indices 
(ao.uv ~ 0.6 — 1.2). These sources occupy the 
same region of the plane as radio-loud quasars of 
comparable redshift, from the (Elvis et al. 1994) 
sample, which are plotted as stars. The SED of 
the QSOs is well known and it clearly shows the 
presence of a "blue bump" , which is commonly in- 
terpreted as the most prominent signature of ther- 
mal emission from the accretion disk. The only 
quasar with a lower value of \og(F Q /F r ) is 3C 273, 
which is classified as a blazar. The contribution 
from the relativistic jet emission (which generally 
shows strong variations) in this spectral region can 
indeed alter substantially the observed spectrum 
in this source (Ghisellini et al. 1998). In fact, it 
lies close to the region of the FR I correlation, in- 
dicating that thermal disk emission is low in the 
optical band, but shows a flat a ,uv < 1, imply- 
ing the presence of a strong component at higher 
energies, similarly to what is observed in the other 
QSO. 

We conclude that our BLRG are compatible 
with being thermal-disk dominated objects. Their 
distance from the shaded region is possibly deter- 
mined by the relative contribution of the disk and 
jet emission, which might also be related to the 



source orientation. 

As pointed out above, FR I show a different be- 
havior. They have similar values of F /F r , since 
they lie on the radio-optical correlation, while they 
span a large range in a .uVi from ~ 1 to the ex- 
treme case of 3C 449, for which a .uv = 7. How- 
ever, taking into account the above considerations, 
we can conclude that slopes significatively flatter 
or steeper than unity are not expected for our 
sources. Steep spectral slopes in synchrotron spec- 
tral components can be observed only for a rela- 
tively small range of frequencies, which is confined 
to be well above the low energy peak, but still be- 
fore the rising of the inverse-Compton component. 
Therefore, intrinsic values of a ,uv larger than ~ 3 
appear to be inplausible for synchrotron emitting 
sources. In the following section we show that a 
moderate amount of absorption can account for 
the observed behavior. 
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Fig. 4.— The ratio of the radio core to UV CCC 
flux vs. the ratio of the optical CCC to UV CCC 
flux. Filled circles are FR I, while FR II are repre- 
sented as empty circles. Stars represent radio-loud 
quasars from the Elvis et al. 1994 sample. The 
dashed line is the absorption trail: less absorbed 
sources (seen face-on) are on the bottom-left of 
the plot (section 5.2). 
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5.2. Evidence for a moderate amount of 
obscuration in FR I 

The apparent inconsistency between the syn- 
chrotron scenario and the presence of such steep 
spectral slopes, can be solved if a modest amount 
of absorption is present, since it might naturally 
contribute to steepen the observed spectrum. In 
order to test whether the range of spectral indices 
and their relative amounts of radio, optical, and 
UV emission is compatible with being due to ab- 
sorption, we have plotted in Fig. 4 the ratio of 
radio to UV emission, versus the ratio between 
optical and UV emission. The dashed line is the 
"absorption trail", which has been calculated by 
taking into account the effects of an increasing 
amount of absorption on the observed optical and 
UV fluxes. 

All FR I (except for 3C 449) are well aligned 
to such a line. The FR II 3C 388 lies on the ab- 
sorption trail as well. If we assume an intrinsic 
slope of 1 for all of these sources, the range of ob- 
served a ,uv corresponds to a very small amount 
of absorption. A maximum Ay of ~ 6 is obtained 
in the extreme case of 3C 449, while all other 
sources are between 0.15 and 3 (the median be- 
ing Ay = 1.3). Although this is a clear evidence 
of nuclear absorption in FR I sources, these ob- 
servations show that the properties of the absorb- 
ing material are not compatible with a standard 
geometrically thick torus structure. In fact, the 
position of the sources along the absorption trail 
in Fig. 4 is strictly connected with orientation. On 
the one hand, the sources which appear to be the 
less absorbed (namely 3C 264, 3C 66B, 3C 78 and 
3C 274, lying on the bottom-left of the plane, close 
to the BLRG), are all objects in which optical jets 
are seen. The presence of such features has been 
interpreted as due to their relatively small view- 
ing angle (Sparks et al. 2000) which, as a result 
of relativistic beaming, contributes to enhance the 
jet radiation. On the other hand, dusty disks ob- 
served almost edge-on are seen among the most 
absorbed sources (e.g. 3C 449, 3C 465; Capetti & 
Celotti 1999, Martel et al. 2000). In the most ex- 
treme cases (3C 270, 3C 296) the nuclear source is 
clearly visible in the optical, but it is not present in 
the UV. Such trend with orientation implies that 
the absorbing material cannot be distributed ei- 
ther as a spherical structure (all sources should be 
affected by absorption) nor as a thin disk where 



the absorbing material is well confined. In the lat- 
ter case, in fact, no trend with orientation should 
be seen: sources should be either absorbed or not 
absorbed without any intermediate case. However, 
the most striking difference between these struc- 
tures and the classic AGN "tori" resides in the 
lower optical depth of the FR I absorbers, which 
allow us to observe the CCC even in the UV in all 
FR I, except for the most extreme cases of 3C 270 
and 3C 296. 

In light of these results, we can confirm the 
claim that FR I nuclei are generally unabsorbed. 
The moderate amount of absorption observed in 
these objects cannot be ascribed to the presence 
of a "classic" torus-like structure which is typical 
of other AGN, and might be instead accounted for 
either by extended (kpc-scale) dust lanes (e.g. in 
the case of 3C 29, in which the signature of a dust 
lane is clearly visible in the HST images, Sparks et 
al. 2000), or by the (~ 100 pc-scale) dusty disks. 
In the latter case, the absorbing column density 
must vary smoothly for different viewing angles. 

As already noted above, one FR II (3C 388, 
which is classified as a LEG) lies in the region 
typical of FR I. This appears to confirm what has 
been already found in Paper II: 3C 388 belongs to 
a third class of FR II sources whose optical nuclei 
are indistinguishable from those of FR I (we have 
called such class "FR I— like" ) . The fact that this 
object is both on the radio-optical correlation and 
does not show any UV excess, typical of thermal 
disk emission, further constrains its origin as due 
to non-thermal synchrotron radiation, as it is for 
FR I nuclei. This also rules out the possibility 
that its CCC emission is produced by a compact 
scattering region, reflecting the presence of a hid- 
den quasar in its nucleus, since quite flat values of 
o: .uv should be observed in that case. The syn- 
chrotron origin of its nuclear emission, together 
with the lack of strong emission lines in its spec- 
trum, lead us to identify 3C 388 with a "parent 
source" for BL Lac objects, in agreement with the 
"dual population scheme" (Jackson & Wall 1999). 

5.3. Variability 

Spectral variability is a common characteristic 
of both synchrotron and disk-dominated sources. 
In particular, highly beamed non-thermal sources 
such as BL Lac objects show dramatic variations 
on all timescales (from minutes to years). Since 
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the relativistic beaming factor is expected to be 
significantly lower in radio galaxies, such behav- 
ior is expected to be present, although on longer 
timescales. Clearly, this might strongly affect the 
determination of the spectral slope. Therefore, it 
is important to use, where available, simultaneous 
observations. 

Only three sources in our sample (3C 78, 
3C 264, 3C 317) have simultaneous (within few 
hours) optical-UV data, while for 3C 274 the time 
lag between optical and UV observations is only 
- 6 days. In addition to the FOC, 3C 317 has 
also been observed as part of the STIS UV SNAP- 
SHOT program 8 . Interestingly, we have found 
that the flux of the CCC in the STIS observa- 
tion is 5.1 x 10~ 17 erg cm~ 2 s _1 A -1 , a factor 
of ~ 10 brighter than in the FOC observation of 
1994. Such high variability factor indeed strongly 
supports the non-thermal synchrotron scenario. 
Variability has been also detected in the optical 
band in 3C 274, although with much lower inten- 
sity (Tsvetanov et al. 1998). 

The determination of the spectral slopes of ob- 
jects for which no simultaneous data are available 
might be significantly affected by variability. How- 
ever, we are confident that the general behavior 
of the CCC is correctly represented by our esti- 
mates. For the BLRG this is mainly supported 
by the fact that all of them show similar spectral 
indices. For the FR I, both their position in the 
plane of Fig. 4 and the close connection between 
steep a ,uv an d the presence of obscuring struc- 
tures are strong clues that obscuration and not 
variability is indeed the main physical reason for 
the observed steep slopes. 

We conclude that the general behavior is well 
represented by the picture outlined above, al- 
though we cannot definitively rule out the possible 
presence of variability in individual sources. 

6. Summary and conclusions 

We have analyzed images of 28 nearby 3C ra- 
dio galaxies for which both optical and UV HST 
images are available. We have found that all ob- 
jects which show an UV CCC, also show it in the 
optical. Only two galaxies (of the FR I type) 

! 3C 317 was observed by STIS NUV-MAMA, with the 
F25SRF2 filter, on 1999 July 27. 



which have a CCC do not have its UV counter- 
part. These missing nuclei seem to be associated 
with the presence of extended (<~ 100 pc-scale) 
dusty disks which are seen almost edge-on in these 
galaxies, and might absorb the nuclear emission in 
the UV band. However, as the nuclei are clearly 
seen in the optical, the amount of absorption must 
be small, and not comparable to the much higher 
column densities characterizing absorbing "tori" 
in other classes of AGN. The high detection rate 
of unresolved nuclei in the UV among FR I sources 
further indicates that their nuclei are generally 
seen directly and absorbing tori are not a com- 
mon characteristic among such low power radio 
galaxies. 

Of the FR II, three are classified as broad- 
lined radio galaxies and show the brightest nuclei. 
The only non-broad lined FR II which shows a 
(fainter) CCC is 3C 388, which is classified as a 
LEG. 

We have shown that by combining the UV data 
with the already available optical and radio in- 
formation we can further investigate the origin of 
these nuclei. In a plane formed by the optical-UV 
spectral index versus the optical excess with re- 
spect to the radio core emission, CCC occupy dif- 
ferent regions. This can be well explained if their 
position in such plane is strictly connected to the 
emission process. In particular, the bright nuclei 
of broad-lined FR II are explained with thermal 
emission from the accretion disk, while the other 
CCC (all FR I and one FR II, 3C 388) are compati- 
ble with being originated by synchrotron radiation 
from the jet. The strong variability found in the 
case of 3C 317 is a further clue of its synchrotron 
jet origin. 

A major result of this work is that only a 
moderate amount of absorption, whose magnitude 
appears to be linked to the orientation of the 
source, is needed to account for the wide range 
of 0L o jjv spanned by FR I nuclei. Extinction can 
be higher than Ay ^1 — 2 only in highly misori- 
ented galaxies which clearly show extended dusty 
structures. This indeed constitutes the first di- 
rect evidence of nuclear absorption in FR I ra- 
dio galaxies. Although supported by the pres- 
ence of only one object, it appears that 3C 388 
belongs to a class of FR II with FR I— like nu- 
clei, in agreement with previous findings. In the 
framework of the unification models, these objects 
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might well represent the parent population of BL 
Lacs with an FR II radio morphology and power 
(Kollgaard et al. 1996; Cassaro et al. 1999). 

FR II in which no nuclear source is seen are 
expected in the frame of the unification mod- 
els, and we have found 11 FR II with no UV 
CCC which might be the obscured counterparts 
of BLRG. However, in order to firmly establish 
their role a detailed comparison of other properties 
of these sources (e.g. emission lines, X-ray spec- 
tra, extended power and morphology) with those 
of the unabsorbed FR II has to be carried out. If 
they indeed harbor an obscured quasar nucleus, 
these galaxies should also show strong IR nuclear 
components, as it has been found (at 10 jiva) for 
3C 405 (Whysong & Antonucci 2001). Unfortu- 
nately, the incompleteness of the sample prevents 
us from drawing any conclusion on the geome- 
try and covering factor of the obscuring material 
based on the relative number counts of obscured 
an unobscured objects. 

These results provide further support for the 
idea that the nuclear structure of FR I is differ- 
ent from other AGN, in which signatures of the 
presence of nuclear optically thick dusty tori are 
often found. In these low power radio galaxies, 
the absorbing material cannot be distributed ei- 
ther as a spherical structure nor as a thin disk in 
which the absorbing material is well confined. The 
extended dusty disks often observed in such galax- 
ies can well account for their observed properties. 
Having assessed the nature of the nuclear emis- 
sion, the study of the possible connection between 
the extended dusty structures, the feeding mech- 
anism of the central black hole and the nature of 
the accretion process in the different classes of ra- 
dio galaxies is a promising future perspective for 
this work. 
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